SLEEP RESTRICTION, INFLAMMATION AND PAIN

Elevated Inflammatory Markers in Response to Prolonged Sleep Restriction Are
Associated With Increased Pain Experience in Healthy Volunteers
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Context: Sleep disturbances, pain, and inflammation co-occur in various
medical conditions, but their interrelationships are poorly understood.
Objective: We investigated the effects of reduced sleep duration (by ap-
proximately 50%) to 4 h/night across 10 days, on peripherally circulating
inflammatory mediators. In addition, we tested the prediction that degree
of inflammation is quantitatively related to the extent to which pain is in-
creased in response to prolonged sleep restriction.

Design: Randomized, 16 day controlled in-laboratory study conducted
in GCRC.

Methods: Eighteen volunteers were randomly assigned to either 12 days
of sleeping 8 h/night or 4 h/night. Participants rated mood and pain symp-
toms throughout experimental days. Urine was collected and blood was
drawn frequently on the baseline day and after the 10th experimental day
for 25 hours.

Outcome Measures: Levels of plasma interleukin (IL)-6, serum C-reac-
tive protein (CRP), plasma soluble tumor necrosis factor receptor p55
(STNF-R p55), urinary levels of prostaglandin (PG) metabolites D2 and
E2, subjective assessment of pain and tiredness-fatigue.

Results: IL-6 levels were elevated in the 4-h sleep condition over the 8-h
sleep condition (P <0.05). CRP levels showed the same trend as IL-6,
but did not differ significantly between groups (P = 0.11). Levels of STNF-
R p55 were unchanged in both groups. PG E2 and 11B-F2a. metabo-
lite increased in 4-h sleepers, but did not differ significantly from the 8-h
sleepers. Elevated IL-6 levels were strongly associated with increased
pain ratings in response to sleep restriction (r = 0.67, P <0.01), and this
association could not be explained by elevations in tiredness-fatigue.
Conclusion: Insufficient sleep quantity may facilitate and/or exacerbate
pain through elevations of IL-6. In disorders where sleep disturbances are
common, insufficient sleep quantity itself may establish and maintain its
co-occurrence with pain and increased inflammation.
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INTRODUCTION

SLEEP DISTURBANCES, PAIN AND INFLAMMATORY
PROCESSES ARE FREQUENTLY OBSERVED IN A VARI-
ETY OF MEDICAL DISORDERS AND CONDITIONS, SUCH
as depression' chronic fatigue syndrome,” fibromyalgia,® rheuma-
toid diseases,* and surgery.® However, their interrelationships are
poorly understood, due to a lack of studies assessing sleep, pain,
and inflammation simultaneously.

Recent studies have documented that within the triad of sleep,
pain, and inflammation, insufficient sleep quantity itself can cause
an increase in inflammation as well as an increase in pain. Sev-
eral, but not all studies have documented a pain-modulatory effect
of total sleep deprivation over a single night ** of selective sleep
stage deprivation,’ and recently of sleep restriction'® or fragmen-
tation over several days.!"'*

Several studies have addressed changes in cytokine levels in
response to sleep loss. Total, but not partial sleep deprivation over
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3 nights increased TNF-R p55,'s which is known to modulate the
bioavailability of TNF-a and its somnogenic actions.'® Acute sleep
loss of up to 3 nights'*!"!® as well as more commonly experienced
forms of sleep loss, i.e., sleep reduced by 25%-50% across con-
secutive days,'®!” have been shown to induce an increase of inter-
leukin-6 (IL-6) and C-reactive Protein (CRP) levels. In addition,
increased levels of IL-6 have been found in patients suffering
from primary insomnia.??!

Prostaglandins (PG) mediate some of the cardinal features of
inflammation?? and are elevated in the rats’ cerebrospinal fluid in
response to sleep deprivation.”® In humans, some indirect evidence
supports an influence of sleep loss on PG production. Higher PGE2
production from stimulated whole blood has been found in patients
with insomnia compared to healthy controls.?* In addition, higher
serum levels of PG D synthase, an enzyme responsible for the syn-
thesis of PGD2 in the brain, have been reported to be associated
with a higher degree of excessive daytime sleepiness in narcoleptic
patients.” Pain is a hallmark of inflammatory processes. Prosta-
glandins, in particular PGE2, are classical pain mediators, but in
the last decade a variety of novel pain modulators have been identi-
fied. For example, proinflammatory cytokines such as interleukin-6
(IL-6) and tumor necrosis factor oo (TNF-a)) have been found to be
potent pain-inducing and pain-facilitating agents, able to sensitize
primary sensory neurons.”* We recently showed that 12 days of
sleep restriction to 50% of the habitual sleep time led to an increase
in subjective pain ratings when compared to subjects sleeping a
regular amount of time.'* In sum, prostaglandins and proinflamma-
tory cytokines are both influenced by the quantity of sleep and are
involved in the experience of pain.

In the present study we examined whether prolonged sleep re-
striction elevates urinary levels of prostaglandins and plasma IL-
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6, plasma sTNF-R p55, and serum CRP levels, and whether the
degree of inflammation is quantitatively related to the extent to
which pain is reported in response to prolonged sleep restriction.

METHODS
Subjects

The study was approved by the Institutional Review Board
for the Protection of Human Subjects at the Beth Isracl Deacon-
ess Medical Center. Subjects were recruited by advertisement in
newspapers and websites covering the Greater Boston area. Fol-
lowing informed consent, the subjects underwent comprehensive
screening and were included if they had no current or past history
of psychiatric, neurological, immune, cardiovascular, or sleep dis-
orders; no history of drug dependence/abuse. Subjects were be-
tween the ages 21 and 40 years, were nonsmokers and had normal
blood chemistry (complete and differential blood counts, T-cell
subsets, glucose, creatinine, sodium, potassium, thyroid stimulat-
ing hormone) and negative blood and urine toxicology; no shift
work and time zone changes during the last 3 months; body mass
index (BMI) (kg/m2) <29; average sleep duration between 6.5
and 9 hours as evaluated by a sleep log period of >10 days, and
no current signs of sleep disorders as evaluated by polysomnog-
raphy, recorded during the adaptation night. Participants received
monetary compensation for participation in the study.

The current study is part of a larger study (N = 40) on the ef-
fects of sleep loss on host response in a model of endotoxin chal-
lenge. In the current study, only those participants receiving pla-
cebo were included (N = 18).

Study Protocol

Subjects stayed for 16 days and 15 nights in a private room in
the General Clinical Research Center (GCRC). After an adapta-
tion and baseline day with an 8-h sleep opportunity per night
(23:00 to 07:00), subjects were randomized (block design) to an
8-h sleep opportunity per night (23:00 to 07:00) or a 4-h sleep
opportunity per night (23:00 to 03:00) for the following 12 days.
In the 4-h sleep condition, subjects stayed awake in bed from
03:00 to 07:00 in a semi-supine position under dimmed light
conditions (<40 lux). In both sleep conditions, subjects were ac-
companied by a trained person during all scheduled waking pe-
riods to ensure maintenance of wakefulness. The subjects’ usual
activities during their stay in the GCRC were talking, reading,
writing, watching movies, and playing board games. Subjects
were encouraged to maintain their daily pre-study activity lev-
els by going to the hospital fitness center, except on the blood
drawing days. They were able to maintain social relationships
by having access to telephone and e-mail and being allowed
visitors except on blood drawing days. Caloric intake was con-
trolled and caloric- and electrolyte-balanced meals were served
at 08:00, 12:00, 18:00, and 21:30 (breakfast, lunch, dinner, and
light snack). In addition, a very light snack consisting of one
arrowroot cookie and 120 mL of apple juice (80 kcal; 2.1-5.6%
of daily caloric intake) was served at 05:00 in the morning in
the 4-h group. Every 2 hours during the waking periods of the
study, except the blood drawing days, subjects had a 20-minute
computerized test battery for the assessment of mood, physical
symptoms, and performance.
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On the baseline day (day 0) and after 10 days of sleeping either 4
h/night or 8 h/night (experimental day 11), blood, urine, and physi-
ological data were collected throughout a 24-h period. At 09:00 on
both physiological recording days (day 0 and day 11), an intrave-
nous 18-gauge catheter was positioned into a superficial forearm
vein and kept patent with a heparinized saline drip (30 mL/h).

On the baseline and the 11" experimental day, less than 100
mL and approximately 300 mL, respectively, was drawn at vary-
ing frequency, depending on the planned analyte (usually in 15-
to 60-min intervals), transferred into K3-EDTA tubes or Corvac
tubes for plasma or serum extraction, respectively, immediately
set on ice before centrifuging at 4 °C at 2600 g for 10 min, and
stored at -80 °C until assaying.

The total amount of each urine void was measured, and a por-
tion transferred to a sterile 80 mL container and stored at -20 °C.
Urine was combined to 24-h collections across baseline day and
day 11, respectively. Therefore, a proportional amount of all urine
collects from either baseline day or day 11 was transferred into
a new sterile container, pipetted into ten 4 mL tubes after thor-
oughly mixing and again stored at -20 °C. Accordingly, all PGs
were measured in one-time thawed urine samples.

On day 11, at 23:00, 40 participants were randomized to an
endotoxin or placebo challenge. The current paper only includes
subjects who received placebo (N = 18).

To estimate total sleep time, subjects wore an actigraph (Mini-
Mitter, Bend, OR) on their nondominant wrist throughout the
study period. Due to technical problems, data were not available
for one subject in the 4-h sleep condition.

Assessment of Subjective Pain and Tiredness-Fatigue

Subjects rated their current level of emotional and physical
well-being on 108 computerized visual analog scales (VAS) pre-
sented every 2 hours during the waking periods of the protocol,
except the blood drawing periods. Subjects used the arrow keys
to slide the cross hatch on the scale either to the right or the left,
and the rating was stored on the computer in measurement units
between 1 and 100. Data were further processed with factor anal-
ysis, and could be optimally described by 4 factors. Adjectives
were assigned to thematic groupings when they demonstrated a
unique loading pattern (>0.30 difference from other loadings),
with a weighting of >0.50. These thematic grouping factors were
used for subsequent statistical analysis (for details, see Haack &
Mullington, 2005). From the 4 factors extracted by factor-analy-
sis, those labeled as bodily discomfort and tiredness-fatigue were
used for correlational analyses in the present paper. Bodily dis-
comfort compiled all pain-related items, e.g., headache, back
pain, muscle pain, joint pain, stomach pain, and generalized body
pain. Tiredness-fatigue compiled items such as drowsy, sluggish,
worn out, mentally or physically tired, exhausted, and fatigued.
Ratings of bodily discomfort and tiredness-fatigue were averaged
across the daytime period (11:20 to 21:20, 6 tests total) after the
last baseline blood draw, and across the same time period after
12 days of having a sleep opportunity of either 4 h/night or 8
h/night.

Assays

IL-6 was measured in plasma with a high sensitivity ELISA
(Quantikine HS, R&D Systems, Minneapolis, MN). Our intra-
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and inter-assay coefficient of variations (CVs) were 5.5%+4.3%
and 5.0%=+0.5%, respectively. Sensitivity was 0.039 pg/mL.
Samples were 2-fold diluted to capture values up to 20.0 pg/mL,
and were run in duplicates. To control for IL-6 increases induced
by catheter changes,?” values one hour before and after catheter
change were excluded from statistical analysis. In the 8-h sleep
condition, one catheter change occurred on the baseline day, and 2
changes on day 11. No catheter changes occurred in the 4-h sleep
condition. This excluded 3 out of 216 IL-6 samples from statisti-
cal analysis, equaling 1.4% of data points.

CRP was measured in serum with the high sensitivity assay
(Immulite, DPC, Los Angeles, CA). Sensitivity was <0.02 mg/dL.
Within-run and total assay precision were both <8.7%, at concen-
trations between 0.023 and 0.32 mg/dL. IL-6 and CRP were mea-
sured every 4 hours (10:35, 14:35, 18:35, 22:35, 02:35, 06:35) on
baseline and after 10 days with a sleep opportunity of either 4 h
or 8 h/night.

Soluble tumor necrosis factor receptor pS5 (STNF-R p55) was
measured in plasma with an ELISA (Quantikine ELISA, R&D
Systems, Minneapolis, MN). Our intra- and inter-assay CVs were
5.0%=+3.7% and 6.9%+18.2%. Sensitivity was 0.77 pg/mL. Sam-
ples were assayed in duplicates.

Prostaglandin E, (PGE,) metabolite and 11a-PGF, (a primary
and active metabolite of PGD, in vivo, in the following text re-
ferred to as PGD, metabolite) were measured in 24-h urine col-
lection with an Enzyme Immunoassay (EIA, Cayman Chemical,
Ann Arbor, MI). For PGE, and PGF, , a 20- and 10-fold dilution,
respectively, was found to be optimal. Our intra- and inter-assay
CVs were 5.7%+3.6% and 12.5%36.6% for PGE,, respectively,
and 6.5%+4.8% and 12.8%+31.4% for PGF, , respectively. De-
tection limits were 2 pg/mL and 5.5 pg/mL for PGE, and PGF,,
respectively. All PG samples were run in triplicates. PGE, and F,
metabolite were measured in one-time thawed samples.

Creatinine was determined in urine by the hospital lab using
the spectrophotometric, kinetic Jaffe reaction. Sensitivity was
0.2 mg/dL, and inter- and intra-assay CVs were less than 2%.
Levels of PGE, and D, metabolite were expressed as amount per
mg creatinine.

Statistics

General linear model (GLM) for repeated measures was used
for cytokine analysis with time (10:35, 14:35, 18:35, 22:35,
02:35, 06:35 of difference values [day 11 minus baseline]) as
within-subject factor and sleep condition (4 h of sleep/night vs.
8 h of sleep/night) as between-subject factor. Values were aver-
aged across days when the time by condition interaction effect
was nonsignificant. For 24-h PG values and ratings of pain and
fatigue, difference data (day 11 minus baseline) were computed
and processed with univariate GLM. Pearson correlation coeffi-
cient and partial correlation were used for examining strength of
associations between variables. Effect sizes (ES) were calculated
using Cohen’s formula.?®

Due to positive skewed distribution, IL-6, sSTNF-R p55, CRP,
and subjective rating data were each normalized using log-trans-
formation before entering into models.

Data in text are presented as mean+SD; data in graphs are pre-
sented as mean+=SEM.

Alpha level of rejection was set to P <0.05.
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RESULTS

Eighteen subjects (6 females, 12 males) between the ages 21
and 40 (27.3+5.8 years) with BMI 23.1+3.3 were included in the
study. Subjects were randomly assigned to the 4-h sleep condition
(N = 10) and to the 8-h sleep condition (N = 8). The 4-h and the
8-h sleep groups did not differ in terms of female/male ratio (4/6
vs. 2/6, respectively, P = 0.44), age (26.4+5.2 vs. 28.4+6.6 yr; P
= 0.49), BMI (23.343.6 vs. 22.942.9 kg/m* P = 0.80), and aver-
age sleep duration (based on sleep logs kept for >10 days) before
entering the study (8.0+0.5 vs. 8.0+£0.4 h; P = 0.80).

Actigraphic estimation of total sleep time during the baseline
sleep period (Day 0) was 07:10h+27 min and 7:184+27 min for
the 4-h group and 8-h group, respectively, and 3:39+ 11 min and
6:42+29 min averaged across the following 12 days in the 4-h
group and 8-h group, respectively.

Motor activity averaged across experimental overall days did
not differ between the 4-h group and 8-h group (#, ;;=0.19, n.s.).
As expected, nighttime (23:00-07:00) motor activity was higher
in the 4-h group than the 8-h group (F, ;= 10.38, P <0.01).

Caloric intake averaged across experimental days did not differ
between the 4-h and 8-h group (24334265 vs. 2515+447 kCal in
the 4-h vs 8-h group, respectively; F | = 0.24, n.s.). There was
not difference between the 4-h and 8-h group in carbohydrate, fat,
or protein intake (all 7 | <0.50, n.s.).

Change of IL-6 plasma levels from baseline to the 11% experi-
mental day of sleeping 4 h/night or 8 h/night showed a significant
sleep condition effect (4 h/night vs. 8 W/night; F, | = 4.98, P =
0.04; ES = 0.92), but no time effect (timepoints 10:35, 14:35,
18:35, 22:35, 02:35, and 06:35; Fio= 1.16, P = 0.34) or time by
sleep condition interaction effect (F ) = 1.63, P = 0.2) was de-
tected. Therefore, IL-6 values were averaged across 24-h periods,
and as can be seen in figure 2, the sleep condition effect was due
to an increase of I1L-6 levels from 1.88+0.85 pg/mL on baseline
to 3.04+2.83 pg/mL on Day 11 in the 4-h sleep condition (F' 1o
=2.54, P=0.15), and a decrease of IL-6 levels from 3.15+1.33
pg/mL on baseline to 2.36+1.36 pg/mL on Day 11 in the 8-h sleep
condition (F, , =2.42, P=0.16).

Change of CRP serum levels from baseline to the 11" experi-
mental day of sleeping 4h/night or 8h/night showed a pattern
similar to change of IL-6, but effects did not reach significance
(Fm =2.84, P =0.11 for sleep condition effect; Fi o= 0.64, P
= 0.6 for interaction effect. ES = 0.80). As shown in figure 2,
CRP levels in the 4-h sleepers nonsignificantly increased from
0.034+0.027 mg/dL at baseline to 0.069+0.076 mg/dL on Day
11 (F,,=3.01, P=0.12), and decreased in the 8-h sleepers from
0.082+0.087 on baseline to 0.061+0.054 mg/dL on Day 11 (£,
=0.60, P=10.47).

Soluble TNE-R p55 levels could not be analyzed in one sub-
ject in the 4h-sleep condition due to insufficient amounts of
plasma at relevant time points. Change of sSTNF-R p55 plasma
levels from baseline to the 11" experimental day of sleeping 4h/
night or 8h/night showed no significant effects of sleep condi-
tion (£, ;= 0.00, n.s.), time (¥, ,, = 1.27, n.s.), or time by con-
dition interaction (¥ ,; = 0.14, n.s.). In the 4-h sleep condition,
sTNF-R p55 values averaged across 24-h periods were 587225
pg/mL at baseline and 588+237 pg/mL on day 11. In the 8-h
sleep condition, sTNF-R p55 values averaged across 24-h pe-
riods were 641£151 pg/mL at baseline and 6424138 pg/mL on
day 11 (see figure 2).
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Figure 1—Percent change of urinary levels of PG E2 metabolite and
the D2 metabolite 113-PGF2a from baseline to the 11th day of sleep-
ing either 8 h/night (grey bar, N=8) or 4 h/night (hatched bar, N=10).
PGs were measured in 24-h urine collection. Values are presented
and at percent change from baseline due to large inter-individual
variability (see text for original values).

Urinary Prostaglandins: Large inter-individual differences
were found for basal 24h-levels of PGD2 metabolite (range: 229-
2937 pg/mg creatinine; mean+SD: 846+635 pg/mg creatinine)
and PGE2 metabolite (range 230-1242 pg/mg creatinine; mean
+ SD: 638+344 pg/mg creatinine). PGD2 metabolite increased
from 729+405 to 796540 pg/mL creatinine in the 4h-sleepers,
and decreased from 9944851 to 8374501 pg/mL creatinine in
the 8-h sleepers from baseline to day 11. PGE2 metabolite in-
creased from 639+381 to 767+428 pg/mL creatinine in the 4-h
sleepers, and increased from 639+320 to 757+515 pg/mL creati-
nine in the 8-h sleepers from baseline to day 11. Due to the large
inter-individual differences, values were computed as percent
change from baseline. As shown in figure 1, PGD2 metabolite
levels increased nonsignificantly by 17.3%=+64.2% in the 4-h
sleep condition and slightly decreased by 3.5%+33.0% in the

8-h sleep condition (F,, = 0.68), n.s. for protocol effect). PGE2
metabolite levels increased nonsignificantly by 35.0%+80.5%
in the 4-h sleep condition and by 15.0%=+33.4% in the 8-h sleep
condition (£ | = 0.43), n.s.).

Bodily discomfort increased from baseline to the 12" day by
5.6%+12.0% in the 4-h sleep condition, and slightly decreased
by -0.8%+2.0% in the 8-h sleep condition (<, = 4.44, P = 0.05
for interaction effect between day and sleep condition; ES =0.91,
see figure 3).

Tiredness-fatigue increased from baseline to the 12" experi-
mental day by 27.9%=+18.5% in the 4-h sleep condition, and by
6.3%+12.3% in the 8-h sleep condition by (¥, (= 7.97, P = 0.01
for interaction effect between day and sleep condition; ES = 1.40;
see figure 3).

Change in IL-6 levels from baseline to the 11" day was sig-
nificantly correlated with change in bodily discomfort (r = 0.67,
P=10.003; ES = 1.8) and change in tiredness-fatigue (r = 0.58, P
=0.01, ES = 1.4, see Figure 4). This indicates that increased 1L-6
levels were associated with increased ratings of bodily discomfort
as well as tiredness-fatigue. Change in bodily discomfort was sig-
nificantly associated with change in tiredness-fatigue (r = 0.55, P
=0.02; ES = 1.3). Change in IL-6 levels remained significantly
correlated with change in bodily discomfort after controlling for
change in tiredness-fatigue (r=0.51, df= 15, P=0.04, ES = 1.3).
This indicates that the IL-6 — pain association was not merely due
to change in tiredness-fatigue. However, change in IL-6 levels
was not significantly correlated with change in tiredness-fatigue
anymore after controlling for change in bodily discomfort (r =
0.34, df'= 15, P= 0.2, ES = 1.2). This result indicates that bodily
discomfort partially accounts for the positive relationship be-
tween IL-6 and tiredness-fatigue.

Changes in CRP, sTNF-R p55, PGD2, and PGE2 metabolite
levels did not significantly correlate with change in bodily dis-
comfort, change in tiredness-fatigue, or change in IL-6 levels (all
r<0.24, n.s.).

sleep conditions.
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Figure 2—Change of plasma IL-6, serum CRP, and plasma sTNF-R p55 levels from baseline to the 11th day of sleeping either 8 h/night (grey bar,
N=8) or 4 h/night (hatched bar, N=10 for IL-6, N=9 for sTNF-R p55). IL-6, CRP, and sTNF-R p55 were measured every 4 h and averaged across
a 24-h period. Original values are presented, and statistics were based on log-transformed values. Asterisk indicates significant difference between
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Figure 3—Change of subjective reports of bodily discomfort and
tiredness-fatigue from baseline to the 11th day of sleeping either 8
h/night (grey bar, N=8) or 4 h/night (hatched bar, N=10). Bodily
discomfort and tiredness-fatigue were assessed every 2 h through-
out the waking periods of the protocol and averages across a 24-h
period. Original values are presented, and statistics were based on
log-transformed values. Asterisk indicates significant difference be-
tween sleep conditions.

DISCUSSION

The current study shows that sleep restriction to 50% of the
habitual time over 10 days induces significant increases of IL-6
plasma levels. Importantly, the degree of IL-6 elevation was as-
sociated with the extent to which bodily discomfort increased in
response to sleep restriction. We also found nonsignificant eleva-
tions of serum CRP levels as well as urinary PGE2 metabolite
11B-PGF20, one of the major D2 metabolites.

Up-regulation of proinflammatory cytokines has been suggested
as one of the most important factors linked to the development of
chronic pain.” Based on animal studies of inflammation, exogenous
administration of IL-6 and other proinflammatory cytokines can

produce pain and hyperalgesia, and their neutralization and antago-
nism reduces pain and hyperalgesia.*® The role of proinflammatory
cytokines, in particular IL-6, in the physiology of human pain has
been less well investigated. In pain-related disorders, such as rheu-
matoid arthritis, cytokine levels of IL-1, TNF-a and IL-6 have been
shown to be upregulated in the synovial fluid and serum, and their
blockade using monoclonal antibodies or receptor fusion proteins
holds therapeutic promise.’! A quantitative relationship between
pain complaints and cytokine levels has been recently reported in
patients suffering from naturally occurring infections such as Q-
fever. In these patients, the degree of headache and myalgia was
positively correlated with IL-6 levels spontaneously released from
PBMCs.** The present results show that the connection between
cytokines and pain may exist beyond the context of infectious and
inflammatory diseases, and suggest that in healthy, pain-free vol-
unteers, small peripheral changes of 1L-6 levels of approximately
1 pg/mL may be involved in the onset or facilitation of pain during
prolonged phases of insufficient sleep.

Similar to IL-6, which participates in controlling the produc-
tion of CRP, CRP serum levels were clevated after sleeping after
sleeping 4 h/night for 10 days. CRP production was reported to
increase in a study where subjects slept 4 h/night for 10 nights,'®
and the results reported here show a trend to replicate, for if a
one-tailed test was used, the P-value for the daily CRP difference
between 8 and 4 hours of sleep per night would have been P =
0.055. Differences in the magnitude of CRP elevations between a
previous'® and the current study may be due to individual differ-
ences or to placement of the sleep period, e.g., beginning (23:00-
03:00) or middle (01:00-05:00) of the night

Ten days of partial sleep deprivation did not affect levels of
STNF-R p55 in the current study. This is in accordance with
Shearer et al,'”” who showed that STNF-R p55 levels did not al-
ter across 3 days of partial sleep deprivation, but increased with
a greater accumulation of a sleep deficit, e.g., 3 nights of total
sleep deprivation. Although sTNF-R p55 may influence central
pain processing mechanisms in patients suffering from pain-re-
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Figure 4—Correlation between change in IL-6 and change in bodily discomfort (left) and tiredness-fatigue (right) from baseline to the 11th day of
sleep 4 h/night (A) or 8 h/night (®). Log-transformed data are presented.
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lated disorders,* the present results failed to find sSTNF-R p55
elevations in response to sleep restriction. Considering various
reports on the connection between the TNF system and sleep in
animals, one may ask whether TNF-a, rather than its soluble re-
ceptors, may have responded to prolonged sleep restriction in the
current study. We did a cross-sectional analysis of a single time
point measure by using a high-sensitivity TNF-a assay in a subset
of subjects, but did not find a difference between those sleeping 4
h or 8 h for 10 consecutive days. This is consistent with another
report that failed to find a significant sleep deprivation effect of
TNF-o in humans. '

The presence of painful, physical symptoms is generally as-
sociated with the presence of fatigue.** Accordingly, a significant
association between ratings of fatigue-tiredness and bodily dis-
comfort has been found in the present study. In the context of an
immune challenge with endotoxin in humans, higher IL-6 levels
have been found to be associated with lower amounts of NREM
sleep.’3¢ In the context of sleep loss, fatigue has been suggested
to result from cytokine elevation,'”!” and the present study adds
further support to this hypothesis by showing a quantitative re-
lationship between increases of IL-6 and increases in reports of
fatigue-tiredness in response to prolonged sleep restriction. Based
on the interrelationships between IL-6 levels, fatigue-tiredness,
and bodily discomfort, it is reasonable to assume that tiredness-
fatigue is a potential mediator of the relation between IL-6 levels
and bodily discomfort. However, the IL-6-bodily discomfort asso-
ciation remained significant after controlling for the influence of
tiredness-fatigue, suggesting a relationship between IL-6 and pain
that is not primarily mediated by changes in tiredness-fatigue.

Ten days of sleep restriction to 50% of the habitual time led
to an IL-6 increase of 1.16 pg/mL in the current study. Sleep re-
striction to approximately 25% of usual sleep time over one week
has been found to lead to a slightly smaller IL-6 increase of 0.75
pg/mL compared to the present result."” This may suggest a dose-
response relationship between chronicity/severity of sleep restric-
tion and elevation of IL-6 levels, and warrants further investiga-
tion. There is ample evidence coming from animal studies that
cytokines produced in the periphery can gain access to the brain
via different routes,”” and more importantly, it seems that even
slight changes in peripheral cytokine production are able to affect
brain functions in humans.*®

While IL-6 and CRP levels increase across 10 days of sleeping 4
h/night, both parameters slightly decrease in the control condition
of 8 h sleep/night. This decrease in inflammatory markers in the
control condition may be due to general study requirements, in-
cluding regularity of food intake and sleep-wake schedule, and/or
to the in-hospital environment that eliminates confrontation with
daily stressors and may also go along with a more sedentary life
style, although participants in the current study were requested to
maintain their pre-study workout frequency while in the hospital.
It has been shown that hospitalization has a blood pressure (BP)
lowering effect® and in participants permitted 4 h sleep/night in
the current study showed elevated BP over participants permitted
8 h sleep/night.*

Small, but prolonged upregulation of inflammatory markers
may have negative health consequences. Elevations of IL-6 levels
in the range of 1 pg/mL have been shown to be related to increased
risk of cardiovascular disease,*! cancer,* diabetes,* and may be
associated with the onset and facilitation of pain, as suggested by
the present and other findings (reviewed in *). Small elevations
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of IL-6 levels have been also repeatedly reported in depressive
disorders.*+* The current findings suggest that elevated IL-6 lev-
els may contribute to the high prevalence of pain complaints in
depressive disorders,*” and that both increased inflammation and
pain may result from sleep disturbances, which frequently occur
in depressed patients.' Indeed, an association between severity of
sleep disturbance and IL-6 levels has been recently demonstrated
in major depressive disorder, suggesting a contributing role of
sleep disturbances in IL-6 elevations.*

Unexpectedly, the increase we found in urinary levels of PGE2
metabolite and of the D2 metabolite 11B-PGF2a was not signifi-
cant after 10 days of sleep restriction. Several prostaglandins have
been shown to be critically involved in sleep-wake regulation,*
but evidence is coming almost exclusively from animal stud-
ies. In response to acute sleep deprivation, production of PGD2
as well as E2 and F2a has been found upregulated in different
brain areas of the rat.> A recent human study showed that dur-
ing a single night of sleep deprivation serum lipocalin-type PGD
synthase, which is responsible for the biosynthesis of PGD2 in
the brain, was suppressed compared to participants with an 8-h
sleep opportunity, but values appeared to be increased through-
out the vigil, but this was not analyzed.®® The current study is
the first that measured urinary prostaglandin levels in response
to prolonged sleep restriction. Prostaglandin E2 and D2 can be
produced by various cells, including macrophages, in response
to various physiological and inflammatory stimuli, such as cyto-
kines.’! They are rapidly metabolized and their metabolites can be
found in urine in much higher quantities than in plasma. Howev-
er, urinary prostaglandin measures reflect a combination of PGs
coming from the blood stream as well as PGs originated in the
kidney.” The nonsignificant findings of urinary PG levels in the
current study may be related to a high and constant PG production
in the kidney, which may override potential PG changes com-
ing from the bloodstream. More importantly, this study was not
powered on PG changes in response to sleep restriction. Post hoc
analysis revealed power of less than 30% to detect an effect. Ac-
cordingly, studies with adequate sample size are needed to prop-
erly examine whether PG levels change in response to prolonged
sleep restriction.

Taken together, the current findings suggest that small increases
in cytokines, e.g., IL-6, may provide a pathway by which insuf-
ficient sleep may facilitate and/or exacerbate pain. Thus, in dis-
orders where sleep disturbances are common, such as depression
and immune-related diseases, insufficient sleep quantity itself
may play a substantial role in establishing and maintaining the
co-occurrence with pain and increased inflammatory markers.
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